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Due to their useful physical and chemical characteristics, transitional metal borides have attracted much
attention. In this study, the structural, thermodynamical, mechanical, dynamical and electronic prop-
erties of 5d transitional metal triborides TMB3 (TM ¼ HfeAu) are investigated by density functional
theory. For each triboride, ﬁve structures are considered, i.e., m-AlB2 (modiﬁed AlB2), OsB3, FeB3, WB3
and TcP3 structures. The calculated lattice parameters are in good agreement with previously theoretical
results. Thermodynamic stability of compounds is predicted and the formation enthalpy increases from
TaB3 to AuB3. The calculated phonon dispersion curves demonstrate that each TMB3 in the most stable
structure is dynamically stable. The calculated density of states shows that they are all metallic. Among
the studied compounds, OsB3-ReB3 (OsB3-ReB3 represents ReB3 in OsB3 structure, the same hereinafter)
has the largest shear modulus (261 GPa), bulk modulus (355 GPa) and Young modulus (630 GPa). WB3-
WB3 has the second largest shear modulus (257 GPa). This suggests that OsB3-ReB3 and WB3-WB3 might
be potential ultra-incompressible and superhard materials.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Since 2004 [1,2], a wide variety of transitional metal borides
have been synthesized at ambient condition, high pressure or high
temperature. Transitional metal borides, which include OsB2, ReB2,
CrB4 and WB4 were reported with unique physical and chemical
characteristics [1e5], such as high shear modulus (more than
200 GPa) and Young modulus (more than 550 GPa). Therefore,
transitional metal borides have attracted much attention [1e6]. In
2007, rhenium diboride (ReB2) has been synthesized by Chung et al.
in bulk quantities via arc-melting under ambient pressure [5]. ReB2
was reported to be an interesting candidate as an superhard ma-
terial (Vickers hardness of 48 GPa under an load of 0.49 N), while
scratch marks left on a diamond surface conﬁrmed its superhard
nature [5]. The compact crystal structure and the internal mecha-
nisms of its hardness might be understood from the highly direc-
tional covalent bonds and the optimal ﬁlling of the bonding statesu@ciac.ac.cn (Z. Wu).
B.V. This is an open access article u[7e9]. In 2008, tungsten tetraborides (WB4) has been synthesized
by using arc-melting, and the hardness was measured to be
46.2 GPa under an applied load of 0.49 N [2]. Similar to ReB2, the
high hardness of WB4 has been suggested to be related to the
covalently bonded 3D framework [4]. Thus, WB4 is thought to be an
interesting candidate as a less expensive member of the growing
group of superhard transitional metal borides [10]. However, our
previous study indicated that WB4 is thermodynamically unstable
at ambient conditions with the formation enthalpy of 1.85 eV [11].
Moreover, the stoichiometry of WB4 was recently challenged and
suggested to be tungsten triborides (WB3) [12], and the calculated
results indicated that the nominal composition of WB4 is defective
tungsten borides (W1xB3 (x < 0.25) or WB4x (x > 0.25)) through
nonstoichiometric calculations and x-ray diffraction spectra [13].
Recently, Zhang et al. [14] have carried out ﬁrst-principles calcu-
lations to evaluate the thermodynamic, mechanical, and phonon
stabilities of WB4 andWB3, and the results indicated that only WB3
was dynamically stable. The relaxed structure of WB3 has been
regarded as the absence of four boron atoms at 4f sites from the
WB4 structure. These results demonstrated that the tungsten
boride prepared by Gu.et al. [2] and Mohammadi et al. [10] shouldnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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[15] have been identiﬁed by ﬁrst-principles calculations, and it was
found that such a noncompact and metallic system has an unex-
pectedly high hardness. In addition, other 5d transitional metal
triborides like the OsB3 (P-6m2) has been predicted by using the ab
initio evolutionary structure prediction, and its predicted hardness
was 36.9 GPa, which can considered as potential hard material [16].
Hence, it is interesting to systematically investigate the structure
and mechanical properties of transitional metal triborides.
In the present study, the physical properties of 5d transitional
metal triborides from HfB3 to AuB3 are systematically investigated
by ﬁrst-principles. For each boride, ﬁve structures are considered,
i.e., m-AlB2 (modiﬁed AlB2), OsB3, FeB3, WB3 and TcP3 structures.
The general trends are discussed and we hope that the obtained
results might be important for designing new superhard materials.2. Computational method and crystal structure
2.1. Computational method
All the calculations are performed within the CASTEP code [17],
based on the density-functional theory (DFT). The code is suitable
for calculations using periodic boundary conditions to inﬁnite lat-
tice system. The Vanderbilt US-PP [18], which describes the inter-
action of valence electrons with ions, is used with the same cutoff
energy of 400 eV. The exchange and correlation functional are
treated by the local density approximation (LDA) [19]. The k-points
of 11 11  15 for m-AlB2 (P6/mmm, No. 191), 12  12  7 for OsB3
(P-6m2, No. 187), 11  11  5 for WB3 (P63/mmc, No. 194),
11 15 8 for FeB3 (P21/m, No.11) and 12 16 8 for TcP3 (Pnma,
No. 62) structures are generated using the MonkhorstePack
scheme [20,21]. Lattice parameters and atomic positions are opti-
mized by BroydeneFletchereGoldfarbeShanno (BFGS) method
[22]. For the self-consistent ﬁeld iterations, the convergence tol-
erances for geometry optimization are selected as the difference in
total energy, the maximum ionic HellmanneFeynman force, andFig. 1. Crystal structures and the nearest coordination numbers of TM and B in TMB3: (a) m
structure. The large and small spheres represent TM and B atoms, respectively. Different colo
by the twelve B atoms in WB3 type (d), but TM has two Wyckoff sites with different TMeBthe maximum displacement being within 1.0  106 eV/atom,
0.01 eV/Å, and 1.0  104 Å, respectively. The formation enthalpy is
calculated by the following formula:
DНTMB3 ¼ ETMB3total 
h
ETMsolid þ 3EBsolid
i
where E for elemental boron is calculated based on the structure of
alpha rhombohedral boron [23]. If the DHTMB3 is negative, the
considered compound is thermodynamically stable. Otherwise, it is
unstable. The calculated bulk modulus B and shear modulus G are
from the Voigt-Reuss-Hill approximations [24e26]. Young's
modulus E and Poisson's ratio n are obtained by the following
formula:
E ¼ 9BG=ð3Bþ GÞ
y ¼ ð3B 2GÞ=½2ð3Bþ GÞ2.2. Crystal structure
The considered crystal structures are plotted in Fig. 1. The m-
AlB2 structure can be derived from the AlB2 structure by replacing
one-third of the aluminum atoms with vacancy so that the
remaining aluminum atoms form layers of open hexagons with
alternate layers displaced by one atom [12]. In m-AlB2 structure
(Fig. 1a), all the B atoms are sevenfold coordinated with four TM
(transitional metal) atoms and three B atoms. Each TM atom is
located at the center of the hexagonal prism formed by twelve B
atoms. OsB3 structure (Fig. 1b) contains two formula units with the
TM at site 2a (0, 0, 0), while the B atoms have twoWyckoff sites, i.e.,
2b (0, 0, 1/2) and 2i (2/3, 1/3, 0.3253) [16]. Half of the B atoms are
sevenfold coordinated with four B and three TM atoms, while the
other half of the B atoms are located at the center of a trigonal
bipyramid formed by six TM atoms and coordinated by two B
atoms. Each TM atom is coordinated by eight B atoms and locates at-AlB2 structure, (b) OsB3 structure, (c) FeB3 structure, (d) WB3 structure and (e) TcP3
r spheres represent different Wyckoff sites, for instance, for each TM atom coordinated
bond distances.
Table 1
Calculated formation enthalpy per formula unit DH (eV), lattice parameters a and c
(Å), cell volume per formula unit V (Å3), the shortest TMeB bond distance (Å) of m-
AlB2 structure.
DH/eV a/Å c/Å TM -B/Å V/Å3
HfB3 1.63 5.280 3.474 2.478 41.9
TaB3 1.87 5.201 3.195 2.369 37.4
WB3 0.78 5.193 3.161 2.325 35.5
5.209a 3.156a 36.9a
ReB3 0.11 5.212 2.940 2.296 34.6
OsB3 1.06 5.151 3.041 2.308 34.9
IrB3 0.77 5.124 3.154 2.334 35.9
PtB3 1.47 5.153 3.293 2.388 37.9
AuB3 6.18 5.183 3.913 2.533 45.5
a Ref. [12].
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two formula units with the TM at site 2e (0.9137, 0.25, 0.6891),
while the B atoms have three sites, i.e., 2e (0.1766, 0.25, 0.0596), 2e
(0.3759, 0.25, 0.5476) and 2e (0.4872, 0.25, 0.8831) [27,28]. ForWB3
structure (Fig. 1d), it can be regarded as the absence of four boron
atoms at site 4f (1/3, 2/3, 0.615) fromWB4, which are cross-linking
the boron hexagonal layer [14]. WB3 structure contains four for-
mula units with the B at site 12i (1/3, 0, 0), while the TM atoms have
two sites, i.e., 2c (1/3, 2/3, 1/4) and 2b (0, 0, 1/4). Each TM atom,
locates at the center of the hexagonal prism, is coordinated by
twelve B atoms, while TM atoms at different sites have different
TMeB bond distances. Each B atom is sevenfold coordinated with
four TM and three B atoms. TcP3 structure (Fig. 1f) has three
nonequivalent Wyckoff positions for B atoms, i.e., 4e (0.0, 0.25,
0.0308), 4e (0.0, 0.25, 0.2189) and 4e (0.0, 0.25, 0.1541),
respectively, while Ta occupies the 4e (0.0, 0.25, 0.4022) sites
[28,29].3. Results and discussion
The calculated lattice parameters, TMeB bond distance, cell
volume per formula unit and elastic constants of m-AlB2-TMB3 are
listed in Tables 1 and 2, while the values of other four considered
structures are given in the Supplementary Materials (seen from
Tables A.1eA.8). For the mechanically unstable structures, their
elastic constants are not given. In order to show the trends of TMB3
(TM ¼ HfeAu) compounds, the calculated cell volume per formula
unit, formation enthalpy, bulk modulus and TMeB bond distance
from HfB3 to AuB3 are sketched in Fig. 2. The phonon dispersion
curves are calculated (Fig. 3) at zero pressure. The total and partial
densities of states (DOSs) of WB3 structure are shown in Fig. 4.Table 2
Elastic stiffness constants Cij (GPa), bulk modulus B (GPa), shear modulus G (GPa),
Young's modulus E (GPa), Poisson's ratio n at the LDA level and Debye temperature
QD (K) of m-AlB2 structure.
C11 C33 C44 C12 C13 B G E y QD
HfB3 469 390 178 137 106 224 169 407 0.197 659
TaB3 598 481 205 154 131 277 210 503 0.196 735
WB3 640 511 226 144 159 301 227 545 0.198 753
656a 479a 277a 291a 252a 588a 0.168a
ReB3 616 468 183 233 200 326 182 461 0.265 672
OsB3 512 266 99 204 260 284 92 248 0.355 479
IrB3 522 428 59 189 176 282 106 284 0.332 515
PtB3 640 362 20 144 105 150 185
AuB3 117 184 9 346 69 145 27
a Ref. [12].3.1. Lattice parameters and elastic properties
3.1.1. m-AlB2 structure
From Table 1, it is clearly to see that, among the considered
structures, HfB3, TaB3 and WB3 are thermodynamically stable due
to the negative formation enthalpies, and TaB3 is the most stable
compound. Our calculated lattice constants (a ¼ 5.193 Å,
c ¼ 3.161 Å) of WB3 are in excellent agreement with the previously
calculated values (a ¼ 5.209 Å, c ¼ 3.156 Å) [12].
From Table 2, the calculated elastic stiffness constants indicate
that HfB3, TaB3, WB3, OsB3 and IrB3 are all mechanically stable as
they satisfy the elastic stability criteria [30]. AuB3 is mechanically
unstable due to the negative C44 value (9 GPa). For WB3, our
calculated elastic constants are in agreement with the previously
theoretical study [12]. ReB3 has the largest bulk modulus (326 GPa),
followed by WB3 with 301 GPa. These values are slightly smaller
than 360 GPa of cubic boron nitride [31]. For WB3, it has the largest
shear modulus (227 GPa) among the considered compounds with
m-AlB2 structure, followed by 210 GPa of TaB3. These are smaller
than ~290 GPa of ReB2 [9]. Moreover, shear modulus is generally a
much better predictor of hardness than bulk modulus [32]. Thus,
WB3 could be the hardest among the considered compounds with
m-AlB2 structure, and TaB3 is the second one.
Furthermore, we have calculated the Debye temperature. It is
known that as a fundamental parameter, Debye temperature cor-
relates with many physical properties of solids, such as speciﬁc
heat, elastic constants and melting temperature. Debye tempera-
ture calculated from elastic constants at low temperatures is the
same as that determined from speciﬁc heat measurements. The
Debye temperature can be derived from the bulk modulus, shear
modulus and density of materials [33]. The largest Debye temper-
ature is 753 K for WB3, followed by 735 K for TaB3. These values are
almost the same as 755 K in ReB2 [34]. The diamond is the hardest
materials with the highest Debye temperature (2230 K) [35].
3.1.2. OsB3 structure
From Table A.1 and A.2, it is seen that compounds from HfB3 to
IrB3 are thermodynamically stable due to the negative formation
enthalpies. The calculated lattice parameters 2.853 Å and 4.565 Å of
OsB3 are in good agreement with the experimental values 2.903 Å
and 4.616 Å [16]. ReB3 in this structure has the shortest TMeB bond
distance 2.202 Å. The calculated elastic constants of OsB3 are in
good agreement with the previously theoretical values [16]. ReB3
has the largest bulk modulus (355 GPa), shear modulus (261 GPa),
Young's modulus (630 GPa) and Debye temperature (792 K).
Moreover, Debye temperature of ReB3 is larger than 755 K in ReB2
[34]. Thus, the previous synthesized ReB3 may be existed in OsB3
structure, and shows great potential for ultra-incompressible and
superhard material.
3.1.3. FeB3 structure
From Table A.3 and A.4, it is obviously to note that compounds
(from TaB3 to IrB3) are thermodynamically stable due to the
negative formation enthalpies. ReB3 has the largest bulk modulus
(337 GPa), shear modulus (247 GPa), Young's modulus (596 GPa)
and Debye temperature (773 K). The elastic constants C44 of HfB3
(288 GPa) and TaB3 (39 GPa) are all negative, indicating that
they are mechanically unstable.
3.1.4. WB3 structure
In Table A.5 and A.6, it can be seen that compounds fromHfB3 to
ReB3 have negative formation enthalpies are obtained (HfB3:1.32
eV; TaB3: 1.85 eV; WB3:1.27 eV; ReB3:0.18 eV), suggesting that
they are thermodynamically stable. ReB3 has the largest bulk
modulus (320 GPa), followed by WB3 (317 GPa), while the shear
Fig. 2. The calculated (a) TMeB bond distance (Å), (b) volume per formula unit V (Å3), (c) bulk modulus B (GPa) and (d) formation enthalpy per formula unit (eV) for all the
considered structures of 5d transitional metal triborides TMB3 (TM ¼ HfeAu).
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Furthermore, WB3 has the largest Young's modulus (608 GPa),
Debye temperature (800 K), larger than 755 K for superhard ReB2)
and the smallest Poisson's ratio (0.18) among all the considered
compounds. Thus, WB3 is the hardest compound in the WB3
structure.3.1.5. TcP3 structure
From A.7 and A.8, triborides from TaB3 to IrB3 are thermody-
namically stable. OsB3 has the largest bulkmodulus (326 GPa); ReB3
has the largest shear modulus (200 GPa), Young's modulus
(491 GPa) and Debye temperature (700 K). The elastic constant C66
of PtB3 is negative, indicating that it is mechanically unstable.
Superhard material is deﬁned as materials with Vickers hard-
ness of 40 GPa. In addition, there are three conditions that must be
met in order for a material to be hard: (1) high bulk modulus: The
material must support the volume decrease created by the applied
pressure; (2) high shear modulus: the material must not deform in
a direction different from the applied load; (3) low creation and
motion of the dislocations: the material must not deform plasti-
cally. From the above investigation, the studied triborides have
large bulk and shear moduli, low Poisson's ratio, small B/G ratio,
and strong covalent bonding, which demonstrate the large possi-
bility of high hardness. Thus, by using Chen's model [36], the
estimated hardness of WB3-WB3 is 37.2 GPa, 33.2 GPa for ReB3-
OsB3, which are comparable to that of ReB2 (39.1 GPa). This in-
dicates that WB3-WB3 and OsB3-ReB3 are potential hard or super-
hard materials.3.2. Trends of bonding properties
From Fig. 2a and b, it is obviously to see that the trends of the
bond distance (except for TcP3 and FeB3) and cell volume, as valleys,
decreases from HfB3 to ReB3, and then increases. A similar trend
was also observed in our previous work about 5d transitional metal
mononitrides [37]. Fig. 2a shows that the TMeB bond distances of
OsB3, TcP3 and FeB3 structure are relatively shorter than that of m-
AlB2 and WB3 structures. The results might be related to the coor-
dination number for metal atom, 8 for OsB3, 9 for TcP3 and 12 for m-
AlB2, WB3 structures. As expected, larger coordination number
tends to give a longer bond distance. This was also observed in 4d
transitional metal mononitrides [38]. Moreover, it is not surprising
to ﬁnd that the corresponding lattice parameters of 5d triborides
are larger than those of 5d transitional metal diborides [39].
From Fig. 2c, as expected, the bulk modulus shows the opposite
behavior, like peaks. The bulk modulus increases initially, reaches
the maximum at ReB3, then decreases. This is similar to 5d transi-
tional metal mononitrides [37] and diborides [39] with the
maximum at ReN and ReB2, respectively. It is inferred that the large
bulk modulus of the triborides might originate from the directional
(covalent) bonding and large charge density formed between 5d
transitional metal and boron atoms (which will be proved by the
DOSs below), just like the 5d transitional metal carbides [40]. Un-
fortunately, the bulk modulus of AuB3 in WB3 structure is not ob-
tained due to the failure of convergence in calculating elastic
constants.
From Fig. 2d it is seen that the general trend of the formation
enthalpy increases from TaB3 to AuB3. Similar trend was also
Fig. 3. Phonon dispersion curves of the (a) m-AlB2-HfB3, (b) m-AlB2-TaB3, (c) WB3-WB3, (d) OsB3eReB3, (e) FeB3eOsB3, (f) OsB3eIrB3, (g) OsB3ePtB3 and (h) TcP3-AuB3. The
horizontal dotted line at zero indicates the zero frequency level.
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Fig. 4. Total and partial density of states for 5d transitional metal triborides with WB3 structure at LDA level. The vertical dotted line at zero indicates the Fermi energy level.
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[39].We conjecture that formation enthalpy totally increases due to
the fact that the bonding strength decreases from TaB3 to AuB3 (we
will discuss the bonding behavior betweenmetal 5d and B 2p states
in later section). Among the considered structures, m-AlB2-HfB3,
m-AlB2-TaB3, WB3-WB3, OsB3-ReB3, FeB3eOsB3, OsB3eIrB3,
OsB3ePtB3 and TcP3-AuB3 might be synthesized at ambient con-
ditions. Among the considered structures, m-AlB2-TaB3 is the most
stable compound (from HfB3 to AuB3) in all the considered
structures.
3.3. Phonon dispersion curves and density of states
To testify the dynamical stabilities of each TMB3 with the most
thermodynamically stable structures, the phonon dispersion
curves are calculated (Fig. 3) at zero pressure, Phonon dispersion
curves show how phonon energy depends on the q-vector, along
high symmetry directions in the Brillouin zone. A dynamically
stable crystal structure requires that all phonon frequencies be
positive, otherwise, it will be dynamically unstable [41]. As shown
in Fig. 3a to h, no imaginary phonon frequency was found in the
whole Brillouin zone for the thermodynamically most stable pha-
ses, demonstrating the dynamical stability of these structures.
In order to elucidate the origin of the mechanical properties of
5d transitional metal triborides, total and partial densities of states
(DOSs) are calculated. Due to the similarity of the total and partial
DOSs for the considered structures, only the DOSs for WB3 are
shown in Fig. 4. DOSs for the other four structures are given in the
Supplementary Materials (Figs. A.1eA.4).
There are ﬁnite DOSs at the Fermi energy level for all the
considered structures in each 5d transitional metal triborides,
indicating that they are metallic. For HfB3, TaB3, WB3 and ReB3, it is
seen that the DOSs at the energy region from 10 to 0.0 eV is
composed of the metal 5d and boron 2p states, which have a strong
hybridization. Similar to the previous studies on the DOSs on 5d
transitional metal diborides [35], there is a deep valley in the vi-
cinity of the Fermi level (called pseudogap), which indicates a
strong hybridization effect in these compounds. However, for OsB3
to AuB3, from 10 to -3 eV, the DOSs is composed of the contri-
bution from metal 5d and boron 2p states. Above the Fermi energy
level, the contribution is from the boron 2p states. The left shift of
antibonding leads to a decrease of the strong hybridization of
atoms, and the pseudogap is disappeared. Similar trend is also
observed for the other four structures (Figs. A.1eA.4). From Fig. 4
(Figs. A.1eA.4), it is interesting to note that these dispersive 5d
states are observed in the middle of the series. The dispersive 5d
states might also be responsible for the strong hybridization and
relative stability of these compounds. The strong hybridization
between 5d states and boron 2p states for the considered structures
reveals that the bonding between 5d metal and boron atom is
mainly covalent, which leads to excellent mechanical properties.
4. Conclusions
The structure and physical properties of 5d transitional metal
triborides from HfB3 to AuB3 are studied by ﬁrst-principles within
the density functional theory. For each triboride, ﬁve structures are
considered, i.e., m-AlB2 (modiﬁed AlB2), OsB3, FeB3, WB3 and TcP3
structures. Our calculations demonstrate that with the increase of
atomic number, TMeB bond distance decreases initially and rea-
ches minimum at ReB3, and then increases, which is similar to the
cell volume. While the calculated bulk modulus increases initially,
reaches the maximum at ReB3, and then decreases. The formation
enthalpy tends to increase from TaB3 to AuB3, and m-AlB2-TaB3 is
the most stable triboride among all the considered compounds.Each triboride in the most stable structure is mechanically and
dynamically stable. Among all the considered structures, covalent
behavior is observed for metaleboron bond because of the strong
hybridization betweenmetal 5d and boron 2p states. The calculated
DOSs show that all the considered compounds are metallic.
Moreover, OsB3-ReB3 has the largest bulk modulus (355 GPa), and
the largest shearmodulus 261 GPaWB3-WB3 has the second largest
shear modulus (257 GPa). The estimated hardness of WB3-WB3 is
37.2 GPa and 33.2 GPa for OsB3-ReB3. Thus, OsB3-ReB3 and WB3-
WB3 might be potential ultra-incompressible and superhard ma-
terials. We hope that this study will provide a predictive under-
standing of the bonding performance that occurs in these potential
hard materials.
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